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Coronin  1C  is an  established  modulator  of  actin  cytoskeleton  dynamics.  It  has  been  shown  to  be  involved
in  protrusion  formation,  cell  migration  and  invasion.  Here,  we  report  the generation  of primary  ﬁbroblasts
from  coronin  1C  knock-out  mice  in order  to  investigate  the  impact  of the  loss  of coronin  1C on  cellular
structural  organisation.  We demonstrate  that the  lack  of coronin  1C not  only  affects  the  actin  system,  but
also the  microtubule  and  the vimentin  intermediate  ﬁlament  networks.  In particular,  we  show  that  the
knock-out  cells  exhibit  a reduced  proliferation  rate, impaired  cell migration  and  protrusion  formation
as  well  as  an  aberrant  subcellular  localisation  and  function  of mitochondria.  Moreover,  we demonstrate
that  coronin  1C speciﬁcally  interacts  with  the non--helical  amino-terminal  domain  (“head”)  of  vimentin.igration
ctin
imentin
ntermediate ﬁlaments
icrotubules
itochondria
Our  data  suggest  that  coronin  1C acts  as a cytoskeletal  integrator  of actin  ﬁlaments,  microtubules  and
intermediate  ﬁlaments.
©  2016  The  Authors.  Published  by  Elsevier  GmbH.  This  is an  open  access  article  under  the CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).rimary ﬁbroblasts
. Introduction
Since their ﬁrst description in the amoeba Dictyostelium dis-
oideum (de Hostos et al., 1991), coronin proteins were studied in
ifferent model organisms. The coronin family of proteins is a group
f conserved regulators of the actin cytoskeleton, which comprises
eventeen coronin subfamilies including seven paralogs in mam-
als (Eckert et al., 2011; Morgan and Fernandez, 2008; Xavier et al.,
008). Structural characteristic of a coronin protein is the pres-
nce of a basic N-terminal signature motif (Rybakin and Clemen,
005), followed by a WD40-repeat domain that adopts the fold
f a seven-bladed -propeller (Appleton et al., 2006; McArdle and
ofmann, 2008), a linker domain of variable length that is partially
nique for a speciﬁc coronin (McArdle and Hofmann, 2008) and a
∗ Corresponding author at: Institute of Biochemistry I, Medical Faculty, University
f Cologne, Joseph-Stelzmann-Street 52, 50931 Cologne, Germany.
E-mail address: christoph.clemen@uni-koeln.de (C.S. Clemen).
1 Both authors contributed equally to this work.
ttp://dx.doi.org/10.1016/j.ejcb.2016.04.004
171-9335/© 2016 The Authors. Published by Elsevier GmbH. This is an open access artic
.0/).C-terminal coiled coil mediating oligomerisation (Kammerer et al.,
2005; Spoerl et al., 2002).
The 474 amino acid protein coronin 1C is also known as coronin-
3, hCRNN4, coronin 3 and CRN2 due to different inconsistent
nomenclatures used in the literature and is referred to as CRN2
in the present study. CRN2 binds to and bundles actin ﬁlaments via
different actin binding sites (Chan et al., 2012; Xavier et al., 2012).
It interacts with the Arp2/3 complex and with coﬁlin (Rosentreter
et al., 2007; Xavier et al., 2012). CRN2 is a substrate of the protein
kinase CK2 (casein kinase II), which phosphorylates CRN2 at serine
463 within the coiled coil forming segment. Phosphorylated CRN2
loses its ability to inhibit actin polymerization, to bundle actin ﬁl-
aments and to bind to the Arp2/3 complex (Xavier et al., 2012).
In glioma cells, CRN2 was  found as target of the protein-tyrosine
phosphatase 1B (PTP1B). Here, inhibition of PTP1B contributes to
proliferation and migration probably due to maintaining tyrosine
phosphorylation of CRN2 (Mondol et al., 2014). Moreover, CRN2
binds to both GDP-Rac1 and RCC2 thereby enriching GTP-Rac1 at
membrane protrusions (Williamson et al., 2014), and also to GDP-
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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ab27a leading to inhibition of endocytosis of insulin secretory
embranes for recycling (Kimura et al., 2010).
CRN2 is involved in numerous cellular processes like adhesion,
rotrusion and invadopodia formation, neurite outgrowth, secre-
ion, endocytosis, matrix degradation, cytokinesis, proliferation,
igration and invasion (Kimura et al., 2008; Rosentreter et al.,
007; Samarin et al., 2010; Thal et al., 2008; Williamson et al., 2014;
iemann et al., 2013). Experimental and clinical data provide evi-
ence that CRN2 is involved in the development of human cancer,
.e. glioblastoma (Mondol et al., 2014; Thal et al., 2008; Ziemann
t al., 2013), primary effusion lymphoma (Luan et al., 2010), hep-
tocellular carcinoma (Wang et al., 2013; Wu  et al., 2010), gastric
ancer (Ren et al., 2012) and ER/PR/HER-2 triple-negative breast
ancer (Wang et al., 2014).
In the present study we determined the effects of the complete
ack of CRN2 using primary skin ﬁbroblasts derived from CRN2
nock-out mice. Besides changes in the actin cytoskeleton, the lack
f CRN2 affects microtubules and the vimentin intermediate ﬁl-
ment network. We demonstrate that CRN2 speciﬁcally interacts
ith the non--helical “head” domain of vimentin in vitro.
. Materials and methods
.1. Generation of CRN2 knock-out mice
We  generated two independent CRN2 knock-out mouse strains
rom the ES cell clones EPD0343 2 B04 and EPD0343 2 F09, which
ere obtained from the NCRR-NIH supported KOMP Repository
www.komp.org) and generated by the CSD consortium for the
IH funded Knockout Mouse Project (KOMP). CRN2 gene tar-
eting was performed according to the “knockout ﬁrst allele”
trategy (Testa et al., 2004). In brief, homologous recombination
f the CRN2 targeting vector led to the insertion of a promoter-
riven targeting construct, which comprises a lacZ reporter and
 neomycin selection cassette, into intron 4 in conjunction with
oxing of exon 5 (coding exon 4). Subsequently, we cross-
red animals harbouring the targeted allele (“reporter-tagged
nsertion”) with animals expressing Cre and Flp recombinases
n order to generate reporter knock-out (“reporter-tagged dele-
ion”), conditional knock-out (ﬂoxed coding exon 4) and knock-out
“deletion with no reporter”) mice. We  used reporter-tagged
nsertion animals for the purpose of this study. By Southern
lotting we conﬁrmed the correct insertion of the targeting con-
truct and, in addition, repeatedly veriﬁed its presence during
aintenance of our CRN2 knock-out mouse strains. Routine geno-
yping of our mice with pure C57BL/6N genetic background was
one by PCR (primer pair 5′-CGGTCAGTAGCCTTTCCTGG-3′ and 5′-
CGAGGGCACTCTAAGCTGT-3′) resulting in products of 286 bp for
he wild-type and 240 bp for the targeted alleles. RT-PCR analyses
onﬁrmed the knock-out of CRN2 at the mRNA level. The absence
f CRN2 and potential truncated protein species was further con-
rmed by immunoblotting using several mono- and polyclonal
ntibodies.
Mice were housed in isolated ventilated cages (IVC) equipped
ith spruce granulate embedding and a nest under speciﬁc and
pportunistic pathogen-free (SOPF) conditions at a temperature of
2 ± 2 ◦C, an air humidity of 50–70%, a ventilation rate of 70 air
xchanges per hour and a light-dark-cycle of 12/12 h with free
ccess to water and food. Littermates were separated at wean-
ng by sex and housed at a maximum of ﬁve animals per cage.
ealth monitoring was done as recommended by the Federa-
ion of European Laboratory Animal Science Associations (FELASA).
ice were handled in accordance with the German Animal Wel-
are Act (Tierschutzgesetz) as well as the German Regulation
or the protection of animals used for experimental purposesell Biology 95 (2016) 239–251
or other scientiﬁc purposes (Tierschutz-Versuchstierverordnung)
and the investigations were approved by the responsible govern-
mental animal care and use ofﬁce (Landesamt für Natur, Umwelt
und Verbraucherschutz North Rhine-Westphalia, Recklinghausen,
Germany; reference number 8.87-50.10.31.09.045).
Both CRN2 knock-out mouse strains could be bred to homozy-
gosity, were viable and did not show any obvious anomaly. In
addition to our own  investigation, comprehensive phenotyping at
The German Mouse Clinic (GMC), Institute of Experimental Genet-
ics, Helmholtz Zentrum München German Research Center for
Environmental Health, did not detect any signiﬁcant pathology.
Further details on the generation of our CRN2 knock-out mice and
the data obtained from the analyses of these mice will be published
elsewhere.
2.2. Isolation and cultivation of primary mouse skin ﬁbroblasts
Primary mouse ﬁbroblasts were isolated from skin of 2–4 days
old CRN2 knock-out mice of both strains (B04 and F09) as well as
the respective wild-type littermates. For ﬁbroblast isolation, mice
were decapitated, kept in betaisodona solution (Mundipharma,
#0448947 (PZN)) for 2 min, washed with PBS, incubated in 80%
ethanol and again washed with PBS. Back and front skin was dis-
sected, residual fat removed and the skin tissue was  incubated
overnight at 4 ◦C in a 5.5 U/ml dispase II (Roche, #04942078001)
solution prepared in PBS. Subsequently, the dermis was  sepa-
rated from the epidermis, cut into small pieces and digested in a
400 U/ml collagenase I solution in DMEM without serum for 1 h
at 37 ◦C in a shaking incubator. The resulting cell suspension was
mixed with DMEM containing serum and centrifuged at 200g for
5 min. The cell pellet was  re-suspended in 4 ml  DMEM with serum,
ﬁltered through a 70 m pore cell strainer (Falcon, #352350),
centrifuged at 200g for 5 min, before the cell pellet ﬁnally was  re-
suspended in medium and transferred to a cell culture dish. Cells
were grown in Dulbecco’s modiﬁed Eagle medium (DMEM) supple-
mented with 10% FCS, 100 U/ml penicillin, 100 g/ml streptomycin,
non-essential amino acids (100 M each), 2 mM l-Glutamine and
1 mM sodium pyruvate at 37 ◦C and 5% CO2. Cells were split daily
after reaching conﬂuence and passages up to 6 were used for the
experiments.
2.3. Analysis of cell proliferation and migration
To determine proliferation rates, 7 × 104 ﬁbroblasts were
seeded in duplicate into 60 mm diameter culture dishes. After 24
and 48 h they were trypsinised and counted. Cell migration was
analysed employing an in vitro wound healing assay. For each cell
line 50,000 cells in 70 l medium containing 0.5% newborn calf
serum (NBCS) were seeded in both wells of the silicone inserts
(growth area 0.22 cm2 per well; Ibidi, #80209) placed inside -
slide 8-well chambers (Ibidi, #80826). After cell attachment, the
insert was removed creating a deﬁned cell free gap of 500 m.  Cell
migration into the gap was  started by adding 200 l medium con-
taining 10% NBCS per well and observed by live cell imaging using
time lapse microscopy under controlled culture conditions with a
humidiﬁed atmosphere at 37 ◦C and 5% CO2. Images were captured
every 15 min  for 24 h. For assay analysis, single cells were tracked
using the Manual Tracking plugin (Fabrice Cordelières, Institut
Curie, Orsay, France) of the ImageJ software (NIH). After tracking,
the cell paths were analysed using the Chemotaxis and Migration
tool (Ibidi) to compute the accumulated distance (mean distance of
all cell paths). Velocity of the cells was calculated by dividing accu-
mulated distance (in m)  by migration time (in sec); directionality
by dividing the euclidean by the accumulated distance.
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.4. Measurement of F-actin dynamics at the front of lamellipodia
Wild-type and CRN2 knock-out ﬁbroblasts were transiently
ransfected (Nucleofector II electroporation device, Amaxa/Lonza)
ith a plasmid coding for mCherry-actin (kindly provided by
lemens Rottner, University of Bonn, Germany). -dishes (Ibidi,
81156) with ﬁbroblasts were placed in a stage-top incubator
Leica) for a humidiﬁed 5% CO2 atmosphere (gas mixer “The Brick”,
ife Imaging Services). The microscope including the stage-top
ncubator and objectives were encased for 37 ◦C warm air incuba-
ion (casing “The Box” and heater “The Cube”, Life Imaging Services).
rotruding regions of the plasma membrane of motile cells with an
nrichment of actin at the leading front was monitored by live cell
maging for 5 min. For visualization the picture at t0 was  coloured
n red and the picture at t5 in green so that growth of cellular
rotrusions is visible in green, no change is visible in yellow and dis-
ppearance of protrusions is visible in red. For quantitative analysis,
ize changes of cellular protrusions were measured at 2–8 posi-
ions from single cells. 15–18 cells were analysed resulting in a
otal number of 69–89 measured positions per cell line.
.5. Western blot, immunoﬂuorescence staining and antibodies
For western blotting, cell samples were lysed in SDS-PAGE sam-
le buffer (50 mM Tris-HCl pH 6.8, 4% 2-mercaptoethanol, 1% SDS,
.002% bromophenol blue, 8% glycerol; (Laemmli, 1970)), sepa-
ated by 10% SDS-PAGE and transferred to BioTrace 0.45 m PVDF
embranes (Pall Corporation, #75696G) by the semi-dry method
Towbin et al., 1979). Membranes were blocked with Tris-buffered
aline-Tween-20 (TBS-T) buffer (10 mM Tris-HCl pH 8.0, 150 mM
aCl, 0.2% Tween-20) containing 5% milk powder. Primary antibod-
es were diluted in TBS-T buffer and incubated overnight; secondary
ntibodies coupled to horseradish peroxidase (POD) were diluted in
BS-T and incubated for 1 h at room temperature. Visualisation was
one by enhanced chemiluminescence and images were recorded
sing the imaging system Fluorchem SP (Alpha Innotech).
For immunoﬂuorescence imaging, cells grown on glass cover
lips or in 8-well chambers (Ibidi, #80826) were washed once with
BS and ﬁxed with 4% paraformaldehyde in PBS for 20 min. After
ashing twice with PBS, cells were permeabilised with 0.5% Tri-
on X-100 in PBS for 10 min. Residual formaldehyde was blocked
ith 0.15% glycine in PBS for 10 min. After three washing steps
ith PBS, blocking was performed with 1% BSA in PBS for 1 h at
oom temperature. Primary antibodies were diluted in 0.5% BSA
n PBS and cells were incubated overnight at 4 ◦C and afterwards
ashed three times with PBS. The secondary antibodies coupled to
lexa Fluor 488 or 568 were diluted 1:200 in 0.5% BSA in PBS and
ells were incubated for 1 h at room temperature in the dark. After
hree washing steps in PBS, cells were rinsed once with ddH2O and
ounted in gelvatol.
Primary antibodies were used as follows: mouse monoclonal
nti CRN2, K6-444 (Spoerl et al., 2002), 1:100 for immunoﬂuo-
escence; mouse monoclonal anti GAPDH, POD coupled, Sigma,
G9295, 1:10,000 for western blotting; mouse monoclonal anti
FP, K3-184-2 (Noegel et al., 2004), 1:1000 for western blotting;
ouse monoclonal anti DLP-1, BD, #611112, 1:1000 for west-
rn blotting; mouse monoclonal anti Protein A, Sigma, #P2921,
:5000 for western blotting; rat monoclonal anti -tubulin (YL1/2),
Kilmartin et al., 1982), 1:5 for immunoﬂuorescence; mouse
onoclonal anti -tubulin, Sigma, #T6557, 1:800 for immunoﬂuo-
escence; mouse monoclonal anti vimentin, Dako, #M7020, 1:1000
or western blotting; chicken ployclonal anti vimentin, Novus Bio-
ogicals, #NB300-223, 1:100 for immunoﬂuorescence.
Secondary antibodies were used as follows: goat anti-chicken
gG Alexa Fluor 488, Invitrogen, #A11039; goat anti-mouse IgG
lexa Fluor 488, Invitrogen, #A11001; goat anti-rat IgG Alexaell Biology 95 (2016) 239–251 241
Fluor 488, Invitrogen, #A11006; donkey anti-rabbit IgG Alexa
Fluor 488, Invitrogen, #A21206; goat anti-mouse IgG Alexa Fluor
568, Invitrogen, #A11004; goat anti-rat IgG Alexa Fluor 568,
Invitrogen, #A11077; donkey anti-mouse IgG Alexa Fluor 647,
Invitrogen, #A31571; goat anti-mouse IgG POD, Sigma, #A4416;
goat anti-rabbit IgG POD, Sigma, #A6154. F-actin was stained
with TRITC-phalloidin, Sigma, #P1951, and nuclei with DAPI, Roth,
#6335.1.
2.6. Quantitation of microtubule orientation and number of
MTOCs
Primary ﬁbroblasts were seeded as described for the cell migra-
tion experiment and after 24 h microtubules and microtubule-
organizing centres (MTOC) were stained with antibodies directed
against -tubulin and -tubulin, respectively. For image analy-
sis, a line of 30 m length was placed vertically to the direction
of cell migration in a distance of 15 m away from the nucleus.
All microtubules which passed this line were counted. In addi-
tion, the fraction of these microtubules that had an orientation
other than the direction of cell migration was  determined. To cal-
culate the amount of ‘microtubule crossover points’, which we
used as a measure for the disorganization of the microtubule net-
work, the number of misorientated microtubules was divided by
the total number of microtubules. The number of MTOCs per cell
was counted from the visible -tubulin speckles and the distance
between each MTOC and the nucleus was  measured using the LAS
AF software (Leica).
2.7. Analysis of the intermediate ﬁlament network
The density of vimentin intermediate ﬁlaments in primary
ﬁbroblasts was quantitated from immunoﬂuorescence images.
Square regions in the size of 10 × 10 m in a distance of 10 m from
the nucleus in the direction of cell migration were transformed
into 1-bit black and white images using the Floyd-Steinberg image
dithering algorithm and used to count the number of black pixels
that correspond to the “free space” between individual ﬁlaments.
2.8. Analysis of mitochondria distribution
Primary wild-type and CRN2 knock-out ﬁbroblasts were seeded
on glass cover slips, incubated with 200 nM MitoTracker Red
CMXRos (Invitrogen, #M7512) for 45 min  at 37 ◦C and ﬁxed using
4% paraformaldehyde. The ﬂuorescence of the whole cell and of
the nuclear region, which was deﬁned as the region of the nucleus
plus the ring shaped area around the nucleus with a width of the
nuclear radius, was measured using the ImageJ software accord-
ing to (Burgess et al., 2010). The ﬂuorescence of the nuclear region
divided by the whole cell ﬂuorescence resulted in the relative ﬂuo-
rescence of the nuclear region as a measured value of peri-nuclear
accumulation of mitochondria.
2.9. Measurement of mitochondrial activity
Mitochondrial activity was  measured using a commercially
available assay (Biovision, #K301-500), which is based on the cleav-
age of the tetrazolium salt WST-1 (sodium 5-(2,4-disulfophenyl)-2-
(4-iodophenyl)-3-(4-nitrophenyl)-2H-tetrazolium inner salt) to its
soluble formazan by mitochondrial dehydrogenases. The activity
of the mitochondrial enzymes is reﬂected by the amount of for-
mazan dye formed, which was  quantiﬁed in a plate reader (Tecan
Inﬁnite M1000) by measuring the absorbance at 440 nm. To deter-
mine the mitochondrial activity, 2 × 104 cells/well were seeded in
a ﬂat-bottom clear microtiter plate. After cell attachment, 10 l of
WST  reagent were added to each well and after 0.5, 1, 2 and 3 h
2 al of C
a
a
2
(
(
r
s
o
p
i
4
i
w
w
p
(
t
r
“
F
2
p
I
t
d
p
e
o
l
w
s
w
s
m
o
s
A
c
2
e
w
f
s
a
t
i
1
G
p
t
m
e
T
n42 J. Behrens et al. / European Journ
bsorbance was measured. Mitochondrial activity was  calculated
s mean value from all measured time points.
.10. Measurement of mitochondrial ATP production
For measurement of mitochondrial adenosine 5′-triphosphate
ATP) production the ATP bioluminescent somatic cell assay kit
Sigma, # FLASC-1KT) was used. In this assay the intracellular ATP is
eleased and consumed in the Fireﬂy luciferase-mediated conver-
ion of luciferin to adenyl-luciferin. The latter is further oxidised to
xyluciferin and the emitted luminescence of this reaction is pro-
ortional to the cellular ATP content. 4 × 104 cells/well were seeded
nto a white ﬂat-bottom 96-well microtiter plate and incubated for
 h, before the growth medium was removed and 100 l ATP releas-
ng reagent were added to each well. The ATP assay mix  (FLAAM)
as diluted 1:25 in assay dilution buffer and 100 l diluted FLAAM
ere added to each well. To address whether the cellular ATP was
roduced by glycolysis or oxidative phosphorylation, oligomycin
2 ng/well; Sigma, #O4876) was used as inhibitor of the ATP syn-
hase. Luminescence was measured in the Inﬁnite M1000 plate
eader (Tecan) with an integration time of 10 s/well and the
blue 1” bandpass ﬁlter (370–480 nm)  directly after addition of
LAAM.
.11. Measurement of reactive oxygen species
To determine the levels of reactive oxygen species (ROS) in
rimary wild-type and CRN2 knock-out ﬁbroblasts, the OxiSelect
ntracellular ROS Assay Kit (Cell Biolabs, #STA-342) was used. In
his assay the ﬂuorogenic probe 2′,7′-dichlorodihydroﬂuorescein
iacetate (DCFH-DA; 20 mM stock solution in methanol) diffuses
assively across the cell membrane. It is deacetylated by cellular
sterases to non-ﬂuorescent DCFH, which is rapidly oxidised to ﬂu-
rescent 2′,7′-dichloroﬂuorescein (DCF) by intracellular ROS. The
evel of ROS is reﬂected by the intensity of the ﬂuorescence signal,
hich was quantiﬁed in a plate reader (Tecan Inﬁnite M1000) mea-
uring the ﬂuorescence at 480 nm excitation and 530 nm emission
avelength. To determine the levels of ROS, 8 × 104 cells/well were
eeded in a black ﬂat-bottom microtiter plate. After cell attach-
ent, cell growth medium was removed and cells were washed
nce with PBS before adding 100 l 0.01 mM or 0.1 mM DCFH-DA
olution. Fluorescence signals were measured after 30 and 60 min.
s positive control for measuring ROS 1 mM H2O2 was  added to
ertain wells.
.12. Immunoprecipitation
For immunoprecipitation U373 human glioblastoma cells stably
xpressing GFP or GFP-CRN2 were used (Ziemann et al., 2013). Cells
ere washed once with ice-cold PBS, lysed in ice-cold lysis buffer
or 10 min  (150 mM NaCl, 1% Triton X-100, 50 mM Tris/HCl pH 8.0,
upplemented with 1x protease inhibitor cocktail (Sigma, #P2714)
nd 1x phosphatase inhibitor (Roche, #04906845001)), scraped off
he plate, transferred into 1.5 ml  reaction tubes and incubated on
ce for further 20 min. Lysed cells were centrifuged for 20 min  at
6,000g and 4 ◦C. The supernatant was incubated with 50 l anti-
FP magnetic beads (Miltenyi, #130-091-125) for 2 h at 4 ◦C, before
assing through M-columns (Miltenyi #130-042-801) inserted into
he OctoMACS separator (Miltenyi, #130-042-109) according to the
anufacturer’s protocol. After the washing steps, proteins were
luted with 50 l of pre-heated SDS-PAGE sample buffer (50 mM
ris HCl pH 6.8, 4% 2-mercaptoethanol, 1% SDS, 0.002% bromophe-
ol blue, 8% glycerol).ell Biology 95 (2016) 239–251
2.13. Protein interaction studies using the LUMIER technique
The luminescence-based mammalian interactome mapping
(LUMIER) technique allows detection and quantitation of protein-
protein interactions in mammalian cells (Barrios-Rodiles et al.,
2005). The method is based on a double-transfection with plas-
mids coding for the proteins of interest with either a Renilla
luciferase or a Protein A tag. PCR ampliﬁed cDNAs of proteins of
interest were cloned into the pDONR207 vector (Invitrogen) to
generate the respective pENTR207 entry vectors of the Gateway
cloning/recombination system (Invitrogen). The latter were used
to transfer the cDNAs into the Gateway plasmids of the LUMIER
system (pDEST-RLuc, pDEST-ProtA). The original protocol of the
LUMIER technique was  modiﬁed and optimized as detailed in
(Clemen et al., 2015) and used as follows:
2.13.1. Cell seeding
293TN cells (BioCat/SBI LV900A-1) were seeded into 6-well-
plates and used for transfections on the next day.
2.13.2. Cell transfection
2 g of each of the two plasmids, for example pDestLuc-CRN2
and pDestProtA-Vimentin head, were mixed and diluted in 150 l
growth medium lacking serum and antibiotics, subsequently mixed
with 150 l medium containing 5 l Lipofectamine (Invitrogen)
and incubated for 20 min  at room temperature. The transfection
mixtures were added to the cells after one washing step with PBS
and the addition of 2 ml  growth medium and cells were incubated
for 48 h at 37 ◦C and 5% CO2.
2.13.3. Cell lysis
After removal of the medium, cells were washed two times with
PBS and separated from the plastic surface by force pipetting in
1 ml  PBS. 500 l of the cell suspensions were transferred into 1.5 ml
reaction tubes, spun down at 3400g for 5 min  at 4 ◦C and kept on ice;
from the remaining volumes of the cell suspensions aliquots were
used for SDS-PAGE and immunoblotting to conﬁrm the expres-
sion of the Protein A fusion proteins. The cell pellets were lysed
in 50 l lysis buffer (22 mM Tris, 1.1% Triton X-100, 275 mM NaCl,
11 mM EDTA, protease inhibitor cocktail (1:50, Sigma, #P2714),
phosphatase inhibitor (1:50, Roche, #04906845001), 1 mM DTT,
pH adjusted to 8.0) for 1 h on ice before the suspensions were
centrifuged at 16,000g for 20 min.
2.13.4. Measurement of input luciferase activity
10 l of the cell lysis supernatants were mixed with 40 l PBS
in wells of white ﬂat-bottom non-treated polystyrene microtiter
plates (Nunc #236105) prior to the addition of 70 l Renilla assay
buffer (300 mM NaCl, 2 mM Na2EDTA (pH 8.0), 60 mM phosphate
from KH2PO4/K2HPO4 (pH 7.5), 0.5 mg/ml  BSA, 2.5 M coelen-
terazine (dissolved in methanol; PJK #260350), ﬁnal buffer pH
adjusted to 7.0) and used for measurements of the luminescence
signal intensities using the Inﬁnite M1000 plate reader (Tecan)
in luminescence acquisition mode with an integration time of
10 s/well and the “blue 1” bandpass ﬁlter (370–480 nm).
2.13.5. Pull-down and measurement of luciferase activity
5 l magnetic beads coated with immunoglobulins (Dynabeads
M-280 sheep anti-rabbit IgG, Invitrogen #112-03D) per well were
washed twice with PBS and once with lysis buffer and subsequently
mixed with 40 l of the cell lysis supernatants, which had been
transferred into PCR tubes, and incubated for 1 h at 4 ◦C using
a rotation device. Beads were then collected using a tube rack
with permanent magnets, the supernatants were discarded and the
beads washed four times with PBS. Finally, they were re-suspended
in 20 l PBS, transferred into the white ﬂat-bottom microtiter
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Fig. 1. Reduced cell proliferation and migration in primary CRN2 knock-out ﬁbroblasts. A, lack of CRN2 expression in primary ﬁbroblasts derived from CRN2 knock-out
(CRN2KO) mice as compared to wild-type (WT) control cells. CRN2 immunoblotting was done with mouse mAb K6-444; GAPDH was used as loading control. B, cell
proliferation rate was  reduced in case of CRN2 knock-out ﬁbroblasts (1.36/24 h vs.  1.95/24 h for wild-type). 7 × 104 cells per cell line were seeded in 60 mm plates at day 0 and
cells  were counted at days 1 and 2. Mean values and standard errors were obtained from three independent experiments with three measurements each; (*), p < 0.005, Lord
test.  C–E, CRN2 knock-out ﬁbroblasts showed reduced migration distance after 24 h (148 m vs.  200 m for wild-type) and velocity values (0.10 m/min  vs. 0.14 m/min
for  wild-type), but no signiﬁcant difference in the migration directionality. Single cells from three independent experiments were tracked. Mean values and standard errors
were  calculated from 90 cells each; (*), p < 0.001, Student’s t-test. F,G, lamellipodia dynamics of living CRN2 knock-out and wild-type primary ﬁbroblasts. Cells expressing
mCherry-actin were monitored for 5 min. Superimposed images with t0 min in red and t5 min in green; growth of cellular protrusions (distance labels) is visible in green. Scale
b ns pe
r >1 m
w ), p = 0
p
o
2
L
tar,  10 m. H, quantitation of the growth of protrusions. Growth of 2–10 protrusio
esulting in a total number of 69–89 analysed protrusions per cell line. Protrusions 
ild-type cells, but only 60% of CRN2 knock-out cells were considered as “large”; (*
lates and the luminescence signal intensities were determined as
utlined above.
.14. Microscopy, image processing, and data analysisImmunoﬂuorescence and live cell images were recorded with a
eica TCS SP5/AOBS/tandem scanning system with emission detec-
ion in sequential mode equipped with the Leica LAS-AF softwarer cell were analysed from 15 to 17 cells derived from three different experiments
 were deﬁned as “large”, otherwise as “small”. On average 77% of the extensions of
.04, Student’s t-test.
(v. 2.6.0.7266). Cell migration images were recorded with a Leica
DMI6000 B TIRF MC  system equipped with software LAS-AF (v.
2.0.2.2038) and Hamamatsu EM-CCD camera C9100-02 in bright
ﬁeld (TL-PH) mode. Individual images as indicated in the Figure
legends were deconvolved using Huygens Essential (Jan 2016; Sci-
entiﬁc Volume Imaging B.V.). General image processing and ﬁgure
assembly was  performed with CorelDraw Graphics Suite X7. Data
analyses and statistical evaluations were carried out using Excel
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Fig. 2. Lack of CRN2 results in multiple alterations of the cytoskeleton. A,B, actin cytoskeleton of primary ﬁbroblasts visualized by TRITC-phalloidin. While wild-type
cells  showed thick, long, bundled and parallelly oriented actin ﬁlaments (arrows), CRN2 knock-out cells displayed thinner, shorter and sector-shaped arrange-
ments  of actin ﬁlaments (arrowheads). Scale bar, 10 m.  C, quantitation of the sector-shaped actin ﬁlaments per cell revealed a higher number in CRN2 knock-out
cells  (15 vs.  7 for wild-type). Mean values and standard errors were calculated from 54 cells for each cell type derived from four independent experiments; (*),
p  < 0.05, Student’s t-test. D, analysis of the six thickest actin ﬁbre bundles per cell showed a reduction of their diameters in CRN2 knock-out ﬁbroblasts; the result
is  shown as the relative amount of stress ﬁbres with a diameter exceeding 1 m (57% vs.  86% for wild-type). Mean values and standard errors were calculated
from  162 analysed stress ﬁbres derived from 27 cells of 3 independent experiments per cell type; (*), p < 0.001, Student’s t-test. E,F, microtubule network visualized by
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Fig. 3. CRN2 localises to actin ﬁlaments and partially co-localises with microtubules and vimentin intermediate ﬁlaments. A–C, wild-type primary ﬁbroblasts were stained
with  phalloidin (in green) and an antibody directed against CRN2 (in red). Arrows indicate co-localisation of both proteins at stress ﬁbres. Scale bar, 10 m.  D–F, wild-type
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(rimary ﬁbroblasts were stained with antibodies directed against -tubulin (in gr
0  m.  G–L, wild-type primary ﬁbroblasts were stained with antibodies directed a
o-localise with vimentin ﬁlaments at this confocal plane of focus. G-L, images wer
010 (Microsoft); the Kruskal-Wallis one-way analysis of vari-
nce and the Mann-Whitney U (Wilcoxon rank-sum) test were
erformed using the Excel add-in “Real Statistics Resource Pack”
ersion 3.1.2 by Charles Zaiontz available at http://www.real-
tatistics.com/; the Lord test was manually calculated according
o (Kesel et al., 1999). The Mann-Whitney U test was used for post-
oc analysis without further correction of the level of signiﬁcance,
s the samples were compared to a single control. The number of
ndependent experiments, mean values, standard errors, type of
tatistical test and signiﬁcance levels are indicated in the Figure
egends.
-tubulin immunoﬂuorescence. Wild-type ﬁbroblasts showed microtubules oriented tow
 markedly disordered microtubule network. Scale bar, 10 m. Insets show -tubulin s
hat  mostly contained a single MTOC close to the nucleus, CRN2 knock-out ﬁbroblasts c
,  quantitation of the number of microtubule crossover points as measurement of micro
isorientated microtubules in relation to all microtubules of a cell (∼54% vs.  ∼26% for w
ine  derived from three independent experiments; (*), p < 0.001, Student’s t-test. H, quan
2.7/cell vs.  1.4/cell for wild-type). Mean values and standard errors were calculated from
tudent’s t-test. I, quantitation of the distance between MTOC and nucleus revealed an in
ean  values and standard errors were calculated from the same cells used for H; (*), p < 0.0
etwork.  While vimentin ﬁlaments in wild-type cells were clearly visible, they appeared
,  quantitation of the area of “free space” (black pixels in J,K) between the vimentin ﬁla
nock-out ﬁbroblasts contained reduced “free space” (85% vs.  88% for wild-type). Mean v
insets in J,K) per cell line derived from three independent experiments; (*), p < 0.01, Lordand CRN2 (in red). Arrows depict enrichment of CRN2 at microtubules. Scale bar,
 vimentin (in green) and CRN2 (in red). Arrows highlight single spots of CRN2 that
nvolved; scale bars, 10 m in G–I, 2 m in J–L.
3. Results
3.1. Reduced proliferation and migration of CRN2 knock-out
ﬁbroblasts
Immunoblotting using lysates prepared from primary skin
ﬁbroblasts showed the CRN2-speciﬁc band of 57 kDa in the wild-
type and conﬁrmed the absence of CRN2 in the knock-out cells
(Fig. 1A). Cell proliferation assays revealed a marked reduction
of 30% in case of the CRN2 knock-out ﬁbroblasts as compared to
wild-type cells (Fig. 1B). For the CRN2 knock-out ﬁbroblasts, cell
migration experiments showed a signiﬁcant reduction of 26% and
ards the direction of cell migration, whereas CRN2 knock-out ﬁbroblasts showed
tains of the microtubule-organizing centre (MTOC). In contrast to wild-type cells
ontained multiple MTOCs more distant from the nucleus. Scale bar inset, 10 m.
tubule disorganization. CRN2 knock-out ﬁbroblasts contained a higher number of
ild-type). Mean values and standard errors were calculated from 20 cells per cell
titation of MTOCs per cell revealed a higher number in CRN2 knock-out ﬁbroblasts
 106 cells per cell line derived from three independent experiments; (*), p < 0.001,
crease for MTOCs of CRN2 knock-out ﬁbroblasts (6.5 m vs. 3.1 m for wild-type).
01, Student’s t-test. J,K, immunoﬂuorescence of the vimentin intermediate ﬁlament
 diffuse and more tightly packed in CRN2 knock-out ﬁbroblasts. Scale bar, 10 m.
ments (green pixels in J,K) as a measure of intermediate ﬁlament density. CRN2
alues and standard errors were calculated from 18 dithered image square regions
 test.
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Fig. 4. CRN2 -propeller and coiled coil interact with the vimentin head. A, co-immunoprecipitation (Co-IP) experiment using GFP-antibody coated beads and lysates from
U373  cells stably expressing GFP-CRN2 or GFP for control. Immunoblotting showed that CRN2 binds to vimentin (Vim). B, analysis of protein-protein interactions using the
luminescence-based mammalian interactome mapping (LUMIER) technique. This assay revealed that CRN2 harbours two  sites, one within the -propeller and another one
in  the coiled coil, which speciﬁcally bind to the “head” domain of vimentin. Luminescence values in case of the “headless” vimentin were comparable to the negative control
containing only CRN2; the dotted line indicates the non-speciﬁc background luminescence intensity level. Corresponding measurements using the “head” and “headless”
versions of the closely related intermediate ﬁlament protein desmin showed no interaction with CRN2. The coﬁlin-CRN2 interaction and the formation of CRN2 multimers
were  included as positive controls. Mean values and standard errors were calculated from eight independent experiments; p-values were calculated using the Kruskal-Wallis
one-way analysis of variance in conjunction with post-hoc Mann-Whitney U tests; (*) p < 0.007. C, Protein A immunoblotting of cell lysates derived from the LUMIER assay
veriﬁed the correct molecular weight of the vimentin “head” and “headless” fusion proteins. D, sequence comparison of the non--helical amino-terminal “head” domain
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lue  and aliphatic amino acids in yellow. A highly conserved nonapeptide motif is bo
nd  Aebi, 2004). Dots in the human vimentin sequence allow for the alignment of t
9% for 24 h migration distance and velocity, respectively (Fig. 1C
nd D). No difference between CRN2 knock-out and wild-type
broblasts was detected for the migration directionality (Fig. 1E).
n order to visualise dynamic changes of the actin cytoskeleton
uring cell migration, the ﬁbroblasts were transfected for expres-
ion of mCherry-actin and acquired images were superimposed to
isualise the growth of cellular extensions (Fig. 1F and G). For quan-
itation of growing extensions they were classiﬁed as “large” when
rowing more than 1 m in 5 min  otherwise as “small”. In wild-
ype cells 77% of the extensions were classiﬁed as large, but only
0% in CRN2 knock-out ﬁbroblasts (Fig. 1H).
.2. Lack of CRN2 affects the actin, microtubule and vimentin
ystemsWhen migrating ﬁbroblasts were ﬁxed and stained for actin,
ctin stress ﬁbres of CRN2 knock-out cells were more often organ-
sed in sector-shaped structures (Fig. 2B, arrowheads) instead of
eing organised in parallel as observed in the wild-type cellssmin (lower lane). Basic amino acids are marked in green, aromatic amino acids in
Herrmann et al., 1989). The PCD most likely adopts a -helical structure (Herrmann
apeptide motifs and the origin of the PCDs, respectively.
(Fig. 2A). Quantitation showed a twofold higher number of the
sector-shaped actin structures per cell in the CRN2 knock-out
ﬁbroblasts (Fig. 2C). Moreover, analysis of the actin bundles
revealed that CRN2 knock-out ﬁbroblasts contained a reduced
number of ﬁbres that were thicker than 1 m (56%) as compared
to wild-type cells (86%) (Fig. 2D).
Next, ﬁbroblasts were ﬁxed during migration and stained for
-tubulin staining to analyse potential alterations of the micro-
tubule network. While in wild-type ﬁbroblasts microtubules were
oriented towards the direction of migration, the knock-out cells
showed a less ordered microtubule network (Fig. 2E and F). Quanti-
tation determined a higher number of microtubule crossover points
in CRN2 knock-out ﬁbroblasts (54%) as compared to wild-type cells
(26%) (Fig. 2G). Moreover, wild-type ﬁbroblasts contained a sin-
gle microtubule-organizing centre (MTOC), which is essential for
the organisation of the microtubule network (Stearns et al., 1991).
In contrast, CRN2 knock-out ﬁbroblasts harboured three to four
MTOCs in variable distances away from the nucleus and at different
positions relative to cell migration (Fig. 2E and F, insets). Quanti-
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ation of the MTOC number per cell resulted in a twofold higher
umber in the CRN2 knock-out ﬁbroblasts as compared to the wild-
ype (Fig. 2H); however, there was no signiﬁcant difference in the
-tubulin expression level. The additional measurement of the dis-
ance between MTOCs and the nucleus also revealed a twofold
igher value in case of the CRN2 knock-out ﬁbroblasts (Fig. 2I).
Furthermore, we stained ﬁbroblasts for vimentin and found that
n comparison to the well-spread, extended intermediate ﬁlament
etwork in wild-type cells (Fig. 2J), the vimentin network in CRN2
nock-out ﬁbroblasts was more diffuse and tightly packed (Fig. 2K).
uantitation of the free space between individual vimentin ﬁla-
ents showed a slight, but statistically signiﬁcant reduction of the
ree space in the CRN2 knock-out ﬁbroblasts (85%) as compared to
he wild-type cells (88%) (Fig. 2J–L).
.3. CRN2 directly interacts with the vimentin “head” domain
The observed alterations in the three cytoskeletal systems in
RN2 knock-out ﬁbroblasts prompted us to determine the subcel-
ular distribution of CRN2 relative to actin ﬁbres, microtubules and
imentin ﬁlaments. Phalloidin staining of actin and immunodetec-
ion of CRN2 showed an enrichment of CRN2 along actin ﬁbres and
amellipodia in wild-type ﬁbroblasts (Fig. 3A–C), which is a typi-
al coronin pattern described by many earlier reports (for review
ee (de Hostos, 2008)). An interaction of coronin with microtubules
ad been reported previously for the yeast and Leishmania coronins
Goode et al., 1999; Heil-Chapdelaine et al., 1998; Sahasrabuddhe
t al., 2009). We  show here by double-immunoﬂuorescence analy-
is a co-localisation of murine CRN2 with microtubules (Fig. 3D–F).
s there is no data available on potential interactions of coronin
roteins with intermediate ﬁlaments, we immunostained CRN2
nd vimentin in our primary ﬁbroblasts. Here, we  did not detect
ny obvious co-localization of both proteins, but observed multiple
pots of CRN2 that localised to vimentin ﬁlaments at single confocal
lanes (Fig. 3G–L, arrows). We  further investigated this rather novel
spect and performed co-immunoprecipitation experiments using
 previously generated cell line stably over-expressing GFP-CRN2
Ziemann et al., 2013). Western blotting of GFP immunoprecipitates
esulted in a strong vimentin signal intensity in the case of GFP-
RN2 expressing cells (Fig. 4A). In control cells expressing only GFP
uch weaker signal intensity of vimentin was detected. The pres-
nce of vimentin in the control immunoprecipitate may  be due to
he fact that vimentin polymers hardly can be removed during the
mmunoprecipitation procedure.
In order to address this putative CRN2-vimentin interaction
n more detail, we employed the luminescence-based mam-
alian interactome mapping (LUMIER) technique for detection and
uantitation of protein-protein-interactions (Barrios-Rodiles et al.,
005; Clemen et al., 2015). CRN2 was fused to Renilla luciferase and
xpressed together with the interaction partners of interest fused
o Protein A (Fig. 4B). We  used two different vimentin expression
ectors coding either for the “head” domain of vimentin (aa 1-102)
r a “headless” vimentin (aa 103-467) to prevent vimentin from the
ormation of polymers (Fig. 4C). As positive controls for the Lumier
ssay CRN2 and coﬁlin fused to Protein A were included, as neg-
tive control we omitted the Protein A fusion protein. In addition,
e included the corresponding “head” and “headless” regions of the
elated intermediate ﬁlament protein desmin (Clemen et al., 2013;
chaffeld et al., 2001). The rod domain sequences of vimentin and
esmin are nearly identical, but the “head” sequences, though very
imilar in their overall character and function in ﬁlament assembly,
iffer distinctly in their primary amino acid sequence (Fig. 4D). In
articular, both “head” segments contain a large number of basic
esidues (12 vs.  10 Arg and Lys in green), no acidic residue, 6 and
 aromatic residues (Tyr and Phe in blue), respectively, and a sig-
iﬁcant number of aliphatic residues (15 vs.  17 Ala, Val and Leu inell Biology 95 (2016) 239–251 247
yellow). The remaining residues, 50 and 53, respectively, are mainly
serines, glycines and prolines, making the “head” a true intrinsi-
cally disordered domain with the potential to dynamically adopt a
functional fold depending on the interaction partner (Wright and
Dyson, 2015).
We observed that CRN2 speciﬁcally interacted with the “head”
domain of vimentin, but not the “headless” vimentin (Fig. 4B). This
CRN2-vimentin interaction was  within a similar range as observed
for the CRN2 binding partner coﬁlin. Additional CRN2 constructs
were used to map  the domain which interacts with the vimentin
“head”. We  found that both the seven-bladed -propeller and the
coiled coil interacted with vimentin demonstrating that CRN2 har-
bours two  different vimentin binding sites. For the CRN2 domain
constructs we  observed higher luminescence signals than for the
full-length protein. The -propeller and coiled-coil fragments of
CRN2 may  have a higher accessibility for the vimentin interaction,
as crystal structures had shown that the C-terminal region of full-
length CRN2 is packed against the bottom surface of the -propeller
(Appleton et al., 2006) and that the coiled-coil domain is engaged
in the formation of oligomers (Kammerer et al., 2005). The much
higher luminescence signal intensity in case of the CRN2-CRN2
interaction documents the dynamic range of the Lumier tech-
nique and has to be attributed to the formation of CRN2 oligomers.
Although the Lumier technique basically cannot be used to dis-
tinguish between direct or indirect protein-protein interactions,
the different luminescence intensity values we obtained for the
CRN2 variants suggest a direct CRN2-vimentin protein interaction.
What makes the result of the CRN2-vimentin interaction further
convincing, is the observation that CRN2 neither bound to the
closely related desmin “head” domain nor to the “headless” desmin
(Fig. 4B). The CRN2-vimentin interaction thus clearly depends on
the speciﬁc vimentin “head” amino acid sequence and does not, for
example, represent a preferential interaction of CRN2 with a cluster
of basic and aromatic amino acid residues (Fig. 4D).
3.4. CRN2 knock-out affects mitochondrial distribution,
morphology and activity
Previous work demonstrated that intermediate ﬁlaments
anchor mitochondria and inﬂuence their motility and distribution
(Mose-Larsen et al., 1982; Nekrasova et al., 2011; Reipert et al.,
1999; Winter et al., 2008). We  therefore analysed whether the
altered vimentin network in our CRN2 knock-out ﬁbroblasts is also
inﬂuencing the distribution of mitochondria. Double-staining of
mitochondria and vimentin showed that in both wild-type and
CRN2 knock-out cells many mitochondria aligned along vimentin
ﬁlaments, however, mitochondria of knock-out cells more often
localised to the perinuclear region (Fig. 5A and B). Additionally,
mitochondria of CRN2 knock-out cells seemed to be shorter as
compared to mitochondria of wild-type ﬁbroblasts, which had
a more elongated morphology (Fig. 5C and D). Ectopic expres-
sion of GFP-CRN2 in CRN2 knock-out cells noticeably restored the
more widespread distribution of mitochondria (Fig. 5E). Quantita-
tion of the perinuclear and whole cell ﬂuorescence intensities of
MitoTracker stained ﬁbroblasts showed an increased ratio of the
perinuclear ﬂuorescence in CRN2 knock-out (43%) as compared to
wild-type cells (37%) (Fig. 5F, dark columns). Perinuclear ﬂuores-
cence ratios in ﬁbroblasts over-expressing GFP-CRN2 were reduced
in both CRN2 knock-out (33%) and wild-type cells (34%) (Fig. 5F,
light columns). When we analysed the mitochondrial fusion and
ﬁssion status (Otera et al., 2013), we  could not detect any change in
the MFN2 (mitofusion-2) expression level, but markedly increased
amounts of DLP1 (dynamin-1-like protein, DRP1, DNM1L) in our
CRN2 knock-out ﬁbroblasts (Fig. 5G, inset). Quantitation of the
increased expression of this ﬁssion marker revealed an approxi-
mately twofold higher level as compared to wild-type cells (Fig. 5G).
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Fig. 5. CRN2 knock-out alters distribution, morphology and activity of mitochondria. A,B, double-staining of mitochondria (MitoTracker, in red) and vimentin (immunostain-
ing  after ﬁxation, in green) of wild-type (WT) and CRN2 knock-out (CRN2KO) primary ﬁbroblasts. Scale bar, 10 m. C,D, mitochondria redistributed to the perinuclear region
and  appeared to be shorter in CRN2 knock-out primary ﬁbroblasts as compared to wild-type cells. MitoTracker staining; scale bar, 15 m,  inset, 5 m.  E, CRN2 knock-out
primary  ﬁbroblasts transiently over-expressing GFP-CRN2 were stained with MitoTracker and showed a wild-type like distribution of mitochondria. Scale bar, 10 m;  inset
5  m.  F, after incubation with MitoTracker, ﬂuorescence intensities of the perinuclear region and the whole cell were determined and used to calculate the relative perinuclear
ﬂuorescence. CRN2 knock-out cells showed a higher relative ﬂuorescence of the perinuclear region (43% vs.  37% for wild-type; dark columns). Over-expression of GFP-CRN2
reduced this value for CRN2 knock-out (33%) and wild-type (34%) ﬁbroblasts (light columns). Mean values and standard errors were calculated from 31 (WT), 27 (CRN2KO),
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e further determined the level of reactive oxygen species (ROS)
nd found no difference between CRN2 knock-out and wild-type
broblasts under normal conditions, but in the presence of 0.5%
f the ROS inducer methanol, which was used as solvent for the
CFH-DA substrate, CRN2 knock-out cells showed a 33% higher
evel of ROS as compared to wild-type cells (Fig. 5H). In addition,
e found a markedly reduced activity of mitochondrial dehydro-
enases (−28%) in CRN2 knock-out ﬁbroblasts (Fig. 5I).
. Discussion
In order to analyse functions of CRN2, we generated CRN2
nock-out mouse strains, which, however, did not develop any
bvious pathology (to be published elsewhere). To analyse cellu-
ar effects of the CRN2 ablation, we cultivated primary ﬁbroblasts
erived from the skin of new-born mice. We  found that prolifer-
tion and migration of CRN2 knock-out ﬁbroblasts were reduced
o similar levels as previously reported for cells in which CRN2
as down-regulated (Thal et al., 2008; Ziemann et al., 2013). When
e visualized the actin cytoskeleton of the CRN2 knock-out cells,
e detected aberrantly organised ﬁlaments that were not reported
n cells expressing residual amounts of CRN2 (Thal et al., 2008;
iemann et al., 2013). This change may  be attributed to a lack of
RN2-mediated actin ﬁlament bundling (Xavier et al., 2012). The
arked disorganization of the microtubules which we found in the
RN2 knock-out cells may  also contribute to the observed cellular
ffects, as microtubules were shown to play a role in cell prolifer-
tion and migration (Etienne-Manneville, 2013). Coronin proteins
ere ﬁrst linked to microtubules by a report demonstrating short
itotic spindles in S. cerevisiae lacking coronin (Heil-Chapdelaine
t al., 1998). Further, binding analyses showed an interaction of
east coronin with microtubules as well as crosslinking of actin
laments and microtubules by coronin (Goode et al., 1999). More-
ver, L. donovani coronin localised to microtubules and its reduced
xpression led to bipolar cells with elongated corset microtubules
Sahasrabuddhe et al., 2009). Our sequence alignments of murine
nd human CRN2 showed that the region WDSSFCAVNPRFVAII-
EASGGGA is homologous to the C-terminal microtubule-binding
epeats of protein tau. This region, which comprises strands A
nd B of blade 1 of the CRN2 -propeller (McArdle and Hofmann,
008), terminates with a SGGG motif similar to the highly con-
erved PGGG motif of the tau microtubule binding domains R1 to R4
Elbaum-Garﬁnkle et al., 2014). Moreover, P301S mutated tau had
n increased tubulin binding afﬁnity (Elbaum-Garﬁnkle et al., 2014)
nd a single SGGG motif was identiﬁed in the EMAP (EML) family
f microtubule-binding proteins (Eichenmüller et al., 2002). Thus,
e speculate that the SGGG motif of CRN2, which is also present in
oronins 1A and 1B, mediates microtubule binding and may  explain
he single spots of CRN2 co-localising with microtubules in confocal
mmunoﬂuorescence images.
Furthermore, we found that lack of CRN2 led to a disorganised
imentin ﬁlament network. Additionally, mitochondria more often
ocalised to the perinuclear region similar to the perinuclear clus-
ering of mitochondria induced by a collapsed vimentin network
Nekrasova et al., 2011). Moreover, mitochondria of CRN2 knock-
6 (WT  with GFP-CRN2) and 61 (CRN2KO with GFP-CRN2) cells derived from one repres
as  determined by single factor ANOVA (p < 3 × 10−6); (*) p = 0.01 for CRN2KO vs.  WT an
nd  densitometry analysis showed a 1.8-fold increased expression of the mitochondrial ﬁ
alculated from seven immunoblots, columns represent relative values with wild-type 
ROS)  were measured based on the accumulation of ﬂuorescent 2′ ,7′-dichloroﬂuorescein 
.01  mM of the 2′ ,7′-dichlorodihydroﬂuorescin diacetate (DCFH-DA) probe, incubation wi
broblasts (1.3 AU vs.  wild-type scaled to 1.0). The latter condition contains 0.5% metha
alculated from ﬁve independent experiments; columns represent relative values; (*) p <
he  tetrazolium salt WST-1 to its purple formazan by mitochondrial dehydrogenases. Prim
ild-type scaled to 100%). Mean values and standard errors were calculated from 11 meas
alues; (*) p = 0.05, Mann-Whitney U test.ell Biology 95 (2016) 239–251 249
out ﬁbroblasts exhibited an altered morphology, i.e. they were on
average shorter, and reduced activity of mitochondrial dehydro-
genases. The smaller size of mitochondria is consistent with the
increased expression level of DLP1, which mediates mitochondrial
ﬁssion (Otera et al., 2013). Mitochondria with reduced respiratory
activity were previously observed in vimentin knock-out ﬁbrob-
lasts (Tolstonog et al., 2005). In order to substantiate that the
mitochondrial changes were CRN2-speciﬁc, we analysed primary
ﬁbroblasts derived from our second CRN2 knock-out mouse strain
and detected an identical increase of perinuclear ﬂuorescence of
CRN2 knock-out cells stained with MitoTracker. More importantly,
we over-expressed GFP-CRN2 in the CRN2 knock-out cells and
detected a normalized perinuclear ﬂuorescence level as compared
to wild-type cells.
The disorganised vimentin ﬁlament network and the ﬁnding
that single spots of CRN2 co-localised with vimentin ﬁlaments in
confocal immunoﬂuorescence images prompted us to analyse a
potential interaction of CRN2 and vimentin. We  found that two
regions of CRN2, the -propeller and the coiled coil, speciﬁcally
interacted with the -helical “head” domain of vimentin, which
is for the most part located on the outside of the vimentin ﬁl-
ament, but essential for its polymerisation process (Herrmann
and Aebi, 2004). This result extents the number of coronin bind-
ing partners and supports the hypothesis that the seven-bladed
-propeller of coronins serves as a platform for multiple protein-
protein interactions (Smith, 2008). Moreover, our data point into
the direction that CRN2 might be present at the intersecting nodes
of actin, microtubule and intermediate ﬁlaments. In this case CRN2
would harbour a feature that is characteristic for plakins, which
are multifunctional proteins interlinking cytoskeletal systems and
cellular organelles (Sonnenberg and Liem, 2007). A good example
for the highly versatile functions of a plakin is the well-studied
cytolinker plectin (Winter and Wiche, 2013). Remarkably, further
Lumier experiments revealed that both the -propeller and the
coiled coil of CRN2 also speciﬁcally interacted with the C-terminal
region of plectin (data not shown). Though additional experimen-
tal work is needed to investigate the novel CRN2–vimentin and
CRN2–plectin interactions in more detail, the enormous complex-
ity of the cytoskeleton organisation gives space for a function of
coronin proteins as cytolinkers.
In summary, the present study demonstrates that the ablation
of CRN2 in primary skin ﬁbroblasts leads to defects in cell prolifer-
ation and migration. Further analyses revealed marked alterations
of the actin, microtubule and intermediate ﬁlament networks.
Beyond the well-established inﬂuence of CRN2 on the actin ﬁl-
ament system, our results indicate roles of CRN2 in microtubule
and intermediate ﬁlament organisation in conjunction with mito-
chondrial changes. We  demonstrate an interaction of both the
-propeller and the coiled coil of CRN2 with the non--helical
“head” domain of vimentin. Although a comprehensive analysis at
all levels was beyond the scope of this study, we anticipate that
CRN2 turns out as a novel versatile linker of the cytoskeleton.
entative experiment; a statistically signiﬁcant difference among these four groups
d p = 4 × 10−6 for CRN2KO vs.  WT  with GFP-CRN2, Student’s t-test. G, Western blot
ssion protein DLP1 in CRN2 knock-out cells. Mean values and standard errors were
expression scaled to 1; (*) p < 0.05, Lord test. H, levels of reactive oxygen species
(DCF). While similar ROS levels were detected when the cells were incubated with
th 0.1 mM DCFH-DA led to an increase of the ROS level in primary CRN2 knock-out
nol, a ROS inducer, in the culture medium. Mean values and standard errors were
 0.005, Lord test. I, mitochondrial activity was  measured based on the reduction of
ary CRN2 knock-out ﬁbroblasts showed a reduced mitochondrial activity (75% vs.
urements derived from four independent experiments; columns represent relative
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